Abstract. The complete nucleotide sequence and the exon-intron structure of the luciferase gene of the firefly, Luciola lateralis (Coleoptera: Lampyridae) is described. The luciferase gene of the L. lateralis firefly spans 1,971 bp and consists of six introns and seven exons coding for 548 amino acid residues. From samples collected at Boun and Muju, Korea, three isoforms, with identical exon-intron structure, named BU, MJ1 and MJ2, respectively, were obtained. Although the amino acid sequences of MJ1 and MJ2 were identical to those of known luciferase genes of Korean origin, the BU type was novel, differing from each of the MJ1 and MJ2 types by one amino acid. The luciferase sequences of the Korean samples, including those previously revealed, differed only by one -two amino acid residues, but differed by five -six amino acid residues from that of the luciferase gene recorded from specimens from Japan, which suggest genetic divergence has occurred in this species. Phylogenetic analyses using both amino acid and nucleotide sequences further showed that the luciferase gene of the Japanese L. lateralis firefly is genetically distinguishable from that of Korean L. lateralis, suggesting the presence of a genetic subdivision between the L. lateralis dwelling in the Korean Peninsula and Japanese Islands.
INTRODUCTION
Fireflies, luminescent insects, have species-specific flash patterns, which are used in sexual communication.
In the light organ luciferase reacts with the substrate luciferin to produce bioluminescence. The firefly luciferase gene is widely used as a genetic marker or as a reporter gene in a variety of organisms including bacteria, plants and animals (De Wet et al., 1985 , 1987 DiLella et al., 1988; Howard et al., 1988; Kondo et al., 1992; Miller et al., 1992; Jacobs et al., 1993; Bailey et al., 1994; Vikas et al., 1995; Lee et al., 2001) . The enzymatic assay of luciferase is preferred because it is sensitive, rapid and a noninvasive method of quantification. More than 10 luciferase genes have been isolated from various firefly species. These include several species of the Luciolagroup such as L. lateralis (Tatsumi et al., 1992; Cho et al., 1999) , L. cruciata (Masuda et al., 1989) and L. mingrelica (Devine et al., 1993) and the Hotaria-group such as H. parvula (Ohmiya et al., 1995) , H. unmunsana (Choi et al., 2002) , H. papariensis (Choi et al., 2003) , and H. tsushimana (Choi et al., 2003) . Ye et al. (1997) cloned and sequenced the luciferase from Photuris pennsylvanica of the Photurinae subfamily of the Lampyridae and compared it to that of several Luciolinae and one species of Hotaria. The ORF of the genes commonly encodes a protein of 548 amino acids and the percentage identity ranged from 80.8% to 99% among Luciolinae.
The subfamily Luciolinae, which is composed of seven genera including about 400 species, is divided into two tribes: Luciolini (Luciola, Pteroptyx, Pyrophanes, Colophotia, Lampyroides and Bourgeoisia) and Curtosini (Curtos). They are widely distributed in the world except for the polar ice caps and North and South of the Americas (McDermott, 1964) . Luciola lateralis is common in Korea, Japan, and Siberia (Kim et al., 2001b; Suzuki, 2001) . The luciferase gene of this species was sequenced independently by different laboratories using samples from different places (Tatsumi et al., 1992; Cho et al., 1999) . Tatsumi et al. (1992) found one clone in samples collected in Japan. Cho et al. (1999) analyzed the genomic structure of the gene and found two structurally different genes: 128-bp deletion/insertion in the 5' upstream region, 16 nucleotides substitutions of 1,794 bp in the 5' upstream, 7 nucleotides out of 1,644 bp in the coding region (resulted in two amino acid replacements), 4 out of 328 in the introns and 4 out of 419 in the noncoding 3' region.
In terms of phylogeny, several studies report genetic differentiation between geographic samples of L. lateralis. For example, Kim et al. (2000) sequenced a portion of mitochondrial (mt) 16S ribosomal RNA and found a substantial sequence divergence between Korean and GenBank-registered Japanese samples (AB009906; Suzuki, 1997) . Suzuki et al. (2004) also found genetic divergence between Korean and Japanese samples using the mt cytochrome oxidase II (COII) gene. In addition, Kim et al. (2001a) reported that L. lateralis sampled in Korea has two distinct mtDNA clades. Although these studies attempted to clarify the phylogenetic relationships between Korean and Japanese populations (Kim et al., 2000; Suzuki, 2001; Suzuki et al., 2004) and within Korean populations (Kim et al., 2001a) only mt DNA genes were utilized as no data was available on the nuclear DNA then. If L. lateralis shows genetic differentiation geographically then the luciferase gene may be a useful portion of the nuclear DNA for drawing phylogenetic inferences about geographically separated populations. As fireflies use light signals in sexual communication and the luciferase gene is the sole enzyme interacting with the substrate luciferin to produce bioluminescence, the primary structure of the gene from local populations would be of interest for inferring phylogenetic relationships among geographically separated populations. This is because a local population, adapted to a given environment and with a specific flashing pattern may have a luciferase gene with a particular amino acid sequence.
In this study, we determined the genomic structure of the luciferase gene in L. lateralis from Boun and Muju, Korea. This was done because previous mitochondrial studies suggested the possibility of genetic divergence between the L. lateralis collected at these localities (Kim et al., 2001a) . In addition, L. lateralis luciferase genes from Japanese (Tatsumi et al., 1992) and Muju populations (Cho et al., 1999) were included in the analysis for a better understanding of the phylogenetic relationships between the various luciferase genes of L. lateralis.
MATERIAL AND METHODS

Animals
Information on the firefly, Luciola lateralis, used in this study is listed in Table 1 . Two individuals of L. lateralis were collected both from Boun, Chungchungbook-do Province and Muju, Chollabuk-do Province, Korea, which are located in the mid-part of the Korean Peninsula.
Genomic DNA isolation and PCR of luciferase gene in the firefly
Genomic DNA was extracted from the four L. lateralis using a Wizard TM Genomic DNA Purification Kit, according to the manufacturer's instructions (Promega, Madison, WI). The primers used for amplification of the genomic DNA encoding the luciferase were 5'-GTGGAGTGTTTAGTTACAAGTGCGG-3' for the translational start sequence region and 5'-GAGTATAAACGATTTGAATCCCAC-3' for the 3' coding region, obtained from a previous study of a luciferase gene of L. lateralis (Tatsumi et al., 1992; Cho et al., 1999) . After a 35-cycle amplification (94°C for 30 s; 48°C for 40 s; 72°C for 2 min), PCR products were ethanol precipitated, centrifuged at 10,000×g for 15 min and rinsed using 70% ethanol. These DNAs were analyzed with 1.0% agarose gel electrophoresis. The PCR products for sequencing were cloned in a pGem-T vector (Promega). 
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DNA sequencing and data analysis
DNA sequencing was performed using an automatic sequencer (model 310 Genetic Analyzer; Perkin-Elmer Applied Biosystems, Foster City, CA). MacVector (ver. 6.5) was used to align the amino acid and nucleotide sequences of the luciferase gene. Maximum parsimony method was used to infer possible relationships among L. lateralis luciferase genes in terms of amino acid and nucleotide sequences, respectively, using PAUP (Phylogenetic Analysis using Parsimony) ver. 3.1 (Swofford, 1993) . The accession numbers of the sequences in the GenBank are as follows: L. lateralis BU (this study), L. lateralis MJ1 (U51019, U49181, Z69619; Cho et al., 1999 and this study), L. lateralis MJ2 (U49182, Z49891; Cho et al., 1999 and this study), L. lateralis Japan (E05448; Tatsumi et al., 1992) . Because the stop codon of L. lateralis Japan (E05448; Tatsumi et al., 1992) is not available in the GenBank, all the stop codons of the remaining luciferase genes were removed from the analyses. The luciferase gene of L. cruciata was utilized as an outgroup in both analyses (M26194; Masuda et al., 1989) . The L. cruciata luciferase gene differed from L. lateralis luciferase sequences by 6.4% (35 amino acid residues) -6.8% (37 amino acid residues) and 10% (165 nucleotides) -10.7% (176 nucleotides). No weighting scheme was used for the nucleotide sequences. In both amino acid and nucleotide sequences, an heuristic search was performed and the reliability of the topology was tested by bootstrapping (1,000 iterations; Felsenstein, 1985) .
RESULTS
Genomic structure of the luciferase gene of the
Luciola lateralis firefly
The localities, from which the L. lateralis fireflies analyzed for the luciferase gene sequences come, are listed in Table 1 . To identify the genomic structure of the luciferase gene of the L. lateralis firefly, a PCR primer set based on the sequences of the L. lateralis luciferase gene previously recorded by Tatsumi et al. (1992) and Cho et al. (1999) was designed. Using this primer set the luciferase gene of the genomic DNA of L. lateralis samples were successfully cloned and sequenced.
The luciferase genes of the four L. lateralis fireflies contain 1,971 bp, corresponding to 548 amino acids (Figs  1 & 2) . Comparison of the genomic sequences with that of the previously published luciferase cDNA of the L. lateralis firefly indicates the presence of seven exons (Fig.  1A) . From the known cDNA 5' site to the end of exon 7 the gene is 1,971 bp long. Lengths of exons in luciferase genes were identical in all L. lateralis fireflies. The intron boundaries are listed in Fig. 1B . The consensus sequences, including an invariant GT at the intron 5' boundary and an invariant AG at its 3' boundary, were well conserved in all samples and those of the published L. lateralis luciferase gene.
Isoforms
From the samples a total of three types of luciferase gene, BU (from Boun, Korea), MJ1 (from Muju, Korea) and MJ2 (from Muju, Korea), were cloned (Table 1) . The BU type luciferase gene of L. lateralis fireflies in the sample from Boun differed from the MJ1 and MJ2 types from Muju by one amino acid sequence, respectively. The amino acid sequences of the MJ1 type differed by two positions from the MJ2 type luciferase. The other GenBank-registered types (Cho et al., 1999 ; GenBank accession numbers Z69619, Z49891), which originated from Muju, Korea, are MJ1 and MJ2, respectively (Table  1) . The luciferase gene of L. lateralis from Japan (Jpn type) differed by five or six amino acid positions from that from individuals from Muju and Boun in Korea. The amino acid sequence of the luciferase gene from BU type L. lateralis was 99.8% similar to that of MJ1 and MJ2 types, and 98.9% to the Jpn type (Table 2; Fig. 2 ).
The 1,644 bp of the nucleotide sequences corresponding to the seven exons of the L. lateralis luciferase genes are presented in Fig. 3 . The two Boun samples had an identical type even at the nucleotide level (BU type). Tatsumi et al., 1992) . Only amino acid positions that differ from the BU type are indicated. Fig. 3 . Alignment of seven nucleotide sequences of luciferase genes from L. lateralis fireflies. The four isoforms of the luciferase genes, defined by amino acid sequences (BU, MJ1, MJ2, and Japan types), turned out to be seven nucleotide sequence-based types. The GenBank numbers within parenthesis indicate identical sequences. Only nucleotide positions that differ from the BU type are indicated. However, the two amino acid-based Muju types (MJ1 and MJ2), recorded in this study and that of Cho et al. (1999) differed at the nucleotide level. Thus, these appear to be at least seven nucleotide sequence-based luciferase gene types, including one Japanese type (Table 3 ; Fig. 3 ). The sequence divergence among the six Korean nucleotide types ranged from 0.1% (one nucleotide) to 0.7% (11 nucleotides). However, when the Japanese type was included, the sequence divergence ranged from 33 to 37 nucleotides (2.0%-2.3%) and the Japanese type was more distant from the Korean types than they were from one another (Table 3) .
Phylogenetic analysis
To illustrate the phylogenetic relationships among L. lateralis luciferase genes of different geographical origin, a maximum parsimony analysis was performed on the amino acid and nucleotide sequences using PAUP software (Figs 4 & 5) . The analysis using amino acid sequences revealed that the Korean types (BU, MJ1, and MJ2 types) formed a strong subgroup (90% of bootstrap value), with a close relationship between the BU and MJ1 types, and excluded the Japanese type from the Korean types (Fig. 4) . This suggests that the Japanese and Korean L. lateralis have diverged genetically. In terms of nucleotide sequences the two Muju types defined by amino acid sequences (MJ1 and MJ2 types) were subdivided into two groups and the Boun type grouped together with the MJ1 type. There are also two groups in the GenBankregistered sequences from Muju, Korea, which also suggests the presence there of phylogenetically divergent groups. As shown by the analysis using amino acid sequences, the Japanese luciferase gene is not grouped with the Korean types (Fig. 4) , suggesting a genetic divergence between the populations in Korea and Japan. As an alternative to the parsimony analysis, FITSCH for amino acid and NEIGHBOR for nucleotide sequences incorporated in PHYLIP (Phylogeny Inference Package) ver. 3.5c (Felsenstein, 1993) were also utilized, but overall the topology was identical with that obtained using the maximum parsimony method (data not shown). Fig. 4 . A phylogenetic tree of aligned amino acid sequences of the L. lateralis firefly luciferase. The tree was obtained by bootstrap analysis with the option of heuristic search and the numbers on the branches represent bootstrap values for 1,000 replicates. The outgroup chosen was Luciola cruciata (Masuda et al., 1989) . The GenBank numbers within parenthesis indicate identical sequences. Fig. 5 . A phylogenetic tree of aligned nucleotide sequences of the L. lateralis firefly luciferase. The tree was obtained by bootstrap analysis with the option of heuristic search and the numbers on the branches represent bootstrap values for 1,000 replicates. The outgroup chosen was Luciola cruciata (Masuda et al., 1989) . The GenBank numbers within parenthesis indicate identical sequences. Because the stop codon of L. lateralis Japan (E05448; Tatsumi et al., 1992) is not available in the GenBank, all the stop codons of the remaining luciferase genes were removed from this analysis.
DISCUSSION
